This Page Is Inserted by IFW Operations 
and is not a part of the Official Record 



BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the 
original documents submitted by the applicant. 

Defects in the images may include (but are not limited to): 

• BLACK BORDERS 

• TEXT CUT OFF AT TOP, BOTTOM OR SIDES 

• FADED TEXT 

• ILLEGIBLE TEXT 

• SKEWED/SLANTED IMAGES 

• COLORED PHOTOS 

• BLACK OR VERY BLACK AND WHITE DARK PHOTOS 

• GRAY SCALE DOCUMENTS 

IMAGES ARE BEST AVAILABLE COPY. 

As rescanning documents will not correct images, 
please do not report the images to the 
Image Problems Mailbox. 



< 
< 



® W J5 E: THIS MATERIAL MAY BE PRnrcr^ 
BY COPYRIGHT LAW flTTLE 17 S^^g 0 



Gene therapy: adenovirus vectors 

Karen F. Kozarsky and James M. Wilson* 

University of Pennsylvania and the Wistar Institute, Philadelphia, USA 

The past year has seen a proliferation in the use of recombinant, 
replication-defective adenoviruses for experimental models of gene 
therapy. The fact that adenovirus infects most cell types with no 
requirement for cell division, combined with the high titers and high 
efficiency of gene transfer obtainable with recombinant adenovirus, make 
it a promising system for in vrvo human gene therapy. 
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Introduction 



Adenoviruses 



Gene therapy represents a novel approach for treating 
diseases that is based on the directed modification of 
gene expression in somatic cells of the patient. Early 
paradigms of gene therapy have focused on the trans- 
plantation of autologous cells that are genetically modi- 
fied ex two with recombinant retroviruses. Several clini- 
cal protocols of ex ttfuogene therapy have been initiated, 
including the transplantation of adenosine deaminase- 
transduced lymphocytes for the treatment of severe com- 
bined immurKxWkiency and the transplantation of lew 
density lipoprotein (LDL) receptor-transduced hepato- 
cytes for the treatment of familial hypercrx>Jesterolemia 
(for a review, see [1]). It is clear that ex two gene ther- 
apy is useful for treating certain lethal diseases such as 
those described above. However, a broader application 
of this technology wiD require less invasive, more practi- 
cal approaches in which the therapeutic gene is directly 
targeted to appropriate cells in viva 

Previous attempts to directly target genes to somatic 
cells in vivo have made use of a variety of viral and 
synthetic approaches. Examples include retroviruses [2] 
and DNA-protein complexes for hepatocyte gene trans- 
fer [3,4], liposomes for gene transfer to airway epithe- 
lial cells (5), retroviruses and liposomes for endothelial 
cell gene transfer [6,7], and naked DNAfor gene transfer 
to skeletal and cardiac myocytes [8-10]. The therapeutic 
potential of most of these approaches is limited because 
of the lack of specificity and extremely low efficiency of 
gene transfer. The development* of recombinant aden- 
oviruses for gene transfer has suggested new strategies 
for in vivo gene therapy. In this review we summarize 
recent studies on recombinant adenoviruses for in vivo 
gene therapy. 



Adenovirus (Ad) type 2 and type 5 (Ad2 and Ad5 ( respec- 
tively), which cause respiratory disease in humans, are 
currently being developed for use in gene therapy; both 
belong to a subclass of adenovirus that are not associ- 
ated with human malignancies [ll]. In further support 
of the safety of recombinant adenoviruses for gene ther- 
apy is the long-standing extensive and effective use of 
live adenovirus vaccines in human populations [11,12]. 
The adenovirus genome is composed of linear, double- 
stranded DMA of approximately 36 kb in length, which 
is divided into 100 map units (mu), each of which is 
360 bp in length. The DNA contains short inverted ter- 
minal repeats (ITRs) at each end of the genome that 
are required for viral DNA replication. The gene prod- 
ucts are organized into early (El through E4) and late 
(Ll through 15) regions, based on expression before or 
after the initiation of viral DNA synthesis. Adenoviruses 
have a lytic life cycle; they are taken up by cells through 
as yet unidentified receptors, enter the endosome, and 
from there the virus enters the cytoplasm and begins 
to lose its protein coat The viral DNA migrates to the 
nucleus, where it retains its linear structure rather than 
integrating into the chromosome. 

The recombinant, replication-deficient adenoviruses that 
have been developed for gene therapy contain deletions 
of the entire Ela and part of the Elb regions (for a 
review, see [13]). The El region regulates adenoviral 
transcription and is required for viral replication. The 
replication-defective virus is grown on an adenovirus- 
transforrned human embryonic kidney cell line, the 293 
cell, which contains the El region of adenovirus. El- 
deleted viruses are capable of replicating and produc- 
ing infectious virus in the 293 cells, which provide the 
Ela- and Elb-region gene products in trans. The result- 
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ing vims is capable of infecting many cell types and can 
express the introduced gene (providing it carries its own 
promoter) but cannot replicate in a cell that does not ex- 
press the El functions unless the cell is infected at a very 
high multiplicity of infection. 

A scheme for constructing a recombinant adenovirus is 
depicted in Fig. 1. Because of the size of the adenovirus 
genome (and the resulting high frequency of restriction- 
enzyme sites), it is difficult to directly clone recombinant 
genes into the adenovirus genome. Instead, homologous 
recombination is used A plasmid is constructed which 
contains the transgene, such as lacZ, under the control 
of the cytomegalovirus (CMV) promoter, or another pro- 
moter of choice. The recombinant minigene is flanked 
on the 5' border with 1TR sequences (0-1 mu) and on 
the 3' border with approximately 2kb of adenoviral se- 
quences (9-16 mu) that are the target for homologous 
recombinatioa The linearized plasmid is co transfected 
with wild-type Ad5 DNA that has been digested with a re- 
striction enzyme to remove the left end of the adenovi rus 
(0-2 ma). This renders the wild-type DNA non-infectious. 
Only products of rx>rnologous recombination should 



produce infectious virus following transfecu'on into 293 
cells. Hie recombinant virus is purified by at least two 
rounds of plaque purification. 



Lung 

Because of their natural tropism for the respiratory tract, 
adenoviruses have been considered as candidates for 
gene therapy of the two most common hereditary rung 
diseases, cystic fibrosis (CF) and ^-antitrypsin (o^AT) 
deficiency. Rosenfeld et al [14] chose the cotton rat 
King as an animal model for the delivery of recombinant 
adenoviruses because the cotton rat has been shown to 
display a sensitivity to infection with adenovirus similar 
to that seen in humans. Tracheal instillation of recombi- 
hant adenovirus encoding otjAT resulted in cells express- 
ing ctjAT, as determined by in situ hybridization and by 
detection of cc x AT in lavage fluid. Hie CFPAC cell line (a 
pancreatic acinar cell line isolated from a CF individual) 
was used to demonstrate that cells infected* with recom- 
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Rg. 1. Generation of recombinant ade- 
noviruses, (a) A plasmid containing a 
transgene (for example, the p-galactosi- 
dase gene; IxZ, under control of the cy- 
tomegalovirus (CMV) promoter is con- 
structed The plasmid sequences indi- 
cated incorporate the ampicillin resis- 
tance gene and bacterial origin of repli- 
cation, (b) Linearized plasmid DNA (here 
using restriction enzyme NheO and Clah 
digested adenovirus (Ad) DNA (lacking 
the left end of the adenovirus, which 
renders it non-infectious) are co-trans- 
fected into 293 cells, (c) As a result 
of homologous recombination (within 
9-16 map units) indicated by the large 
cross, the recombinant E1a/partial Elb- 
deieted adenovirus containing the tocZ 
gene is produced. (The recombinant 
virus is infectious in the 293 cells, which 
provide the E1 -region gene products in 
trans) The numbers indicate map units 
of the adenovirus and the diagonal lines 
represent a length of DNA not shown. 
See text for further details. 
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binant adenovirus encoding human CF transmembrane 
conductance receptor (CFER), Ad-CFTR, were capable 
of significant chloride transport in response to forskolin 
[15")> a hallmark of CFTR-mediated chloride transport 
Furthermore, human CFTR transcripts and protein were 
detectable in the lungs of cotton rats following tracheal 
instillation of Ad-CFTR. All major cell types of the cotton 
rat lung airway epithelium are capable of being infected 
by adenovirus, suggesting that adenovirus may be an effi- 
cient system for obtaining gene expression in all ceUs of 
the airway epithelium [l6]. The availability of a mouse 
model for CF will be valuable in evaluating the efficacy 
of in vivo gene therapy with recombinant adenoviruses 
[17]. 

As a model for studying the infectibility of human air- 
way epithelial cells in vivo, a xenograft system has 
been developed [18]. Denuded rat trachea are seeded 
with freshly isolated human bronchial epithelial cells and 
implanted into nude mice. Within three weeks, the epi- 
thelium showed an organization and distribution of cell 
types similar to that found in the native airway [18], Ade- 
noviruses encoding lacZot OTOwere then introduced 
into the xenografts, which were analyzed for gene ex- 
pression for up to five weeks post-infection [19"]. On 
average, 11 % of cells expressed the transgene, and ex- 
pression remained stable over the course of the experi- 
ment All cell types, with the exception of basal cells, were 
infected with »he recombinant adenoviruses in propor- 
tion to their distribution. In contrast, when retroviruses * 
were used in the xenograft model, gene transfer was 
achieved only when the epithelial cells were still actively 
dividing and had not yet formed the fully differentiated 
epithelium at the time of exposure to virus [18]. 

Trie adenovirus-infected human xenografts were also as- 
sayed for the expression of several adenovirus-encoded 
genes. A small percentage of cells expressed an early 
gene product (the E2a-enooded DNA-binding protein), 
but the hexon and fiber proteins (late gene products) 
were not detectable [19"). This suggests that adenovirus 
is not completing its replkatfve cycle, but the expression 
of the E2a gene product also indicates that the El dele- 
tion in the recombinant adenoviruses is not sufficient to 
eliminate all adenoviral gene expression. 



Liver 



Stratford-Perricaudet et al [20] introduced a recombi- 
nant adenovirus encoding the rat ornithine transcarbarny- 
lase (070 gene under the control of the adenoviral ma- 
jor late promoter (MLP) intravenously into Spf ash mice, 
a strain that expresses only low levels of OTC In approx - 
imatdy 25% of these animals, hepatic OTC readied nor- 
mal levels up to two months post-injection. One animal, 
allowed to survive long-term, showed partial reversal of 
orotic addura through 13 months post-injection, and vi- 
ral OTC transcripts could be detected in the liver at 15 
months post-injection. This suggests that hepatic deliv- 
ery of recombinant adenovirus can be achieved through 



intravenous injection, and that it is possible to achieve 
long- term gene transfer. 

Recombinant adenovirus^ have also been shown to be 
capable of infecting rat hepatocytes both in vitro znd in 
vivo [21]. Rat livers were infected with adenoviruses en- 
coding either P-galactosidase or human o^AT by infusion 
of the virus into the portal vein. Three days post-infusion, 
the liver exposed to the lacZ virus contained hepatocytes 
expressing P-galactosidase activity at a frequency of ap- 
proximately 1 %. Expression of p-galactosidase was not 
detected in other organs, such as King, spleen, muscle, 
kidney, brain and testis. Infusion of adenovirus encoding 
ctjAT resulted in detectable serum levels of human c^AT 
up to four weeks post-infusion. 



Central nervous system 



Recombinant adenovirus was considered a possible can- 
didate for gene therapy in the brain because neurons 
have a limited capadty for replication. With other vectors 
such as retrovirus, which require host DNA replication for 
infection, gene transfer has only been possible in fetal or 
neonatal brain cells [223). Several studies have shown 
that adenovirus can be used to infect brain ceUs in vivo 
When a recombinant, repUcation-defective adenovirus 
encoding lacZ was introduced into the caudate puta- 
men of mice, a variety of different cell types were infected, 
including neurons, oligodendrocytes, and myelinated ax- 
ons [24» # ]. There was no accompanying morbidity, nor 
was there any evidence for virus replication or 0-galac- 
toskiase expression beyond the brain parenchyma. Sim- 
ilarly, following introduction of recombinant adenovirus 
into the rat hippocampus and substantia nigra, p-gahc- 
tosidase expression was detected in microglial cells, as- 
trocytes, and neurons {25]. In both studies, expression 
of j^galactoskiase persisted through at least eight weeks, 
although the number of to^posirjve cells decreased 
Two additional studies support these results: in one, 
the £zc£encoding adenovirus was injected into specific 
areas of the rat brain with no apparent pathogenicity 
except where extremely high titers of adenovirus were 
used [26]; in the second, introduction of an adenovirus 
encoding human ocjAT into the lateral ventricle of rats 
resulted in a x AT secretion into the cerebral spinal fluid 
for up to one week (27). These studies demonstrate that 
it should be possible to express a transgene in the brain 
to achieve a biological effect; namely, by the expression 
of rrarotxansmitters or growth factors. 



Endothelial cells 



A further target for gene therapy is endothelial cells, 
specifically because they are in direct contact with the 
bloodstream, allowing for the direct secretion of pro- 
teins into the circulatory system. One application of gene 
delivery to endothelial cdls would be to prevent local 
atherosclerotic plaque formatioa The feasibility of this 
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approach was demonstrated in experiments in which en- 
dothelial cells were isolated from human umbilical vein, 
and infected in w/ro with adenoviruses encoding either 
lacZot ctjAT, as marker genes for intracellular proteins 
and secreted proteins, respectively [28], Z^cZ expression 
could be obtained in up to 100% of the cultured cells, 
and in parallel, secretion of 04AT persisted for at teast 14 
days. To more closely mimic the in vivo situation, intact 
umbilical veins were directly exposed to the recombinant 
adenoviruses. Expression of P-gabctosidase occurred at a 
high level, with no apparent alterations in the morphol- 
ogy of the infected endothelial cells. Infection with the 
otjAT adenovirus resulted in synthesis and secretion of 
otjAT. These results strongly suggest that in vivo gene 
therapy of endothelial cells should be possible. 



Muscle 



Intravenous injection of recombinant adenovirus into 
mice leads to transgene expression in many organs, in- 
cluding liver, lung, intestine, heart, and skeletal muscle 
[29]. Adenovirus-encoded kteZ expression in muscle tis- 
sue persisted through 12 months post-injection, although 
the proportion of positive cells decreased The length 
of expression may be due to the fact that myotubes 
have a very daw rate of turnover compared with other 
cells. Injection of neonatal mice with recombinant ade- 
novirus yielded a higher level of infection than in adult 
mice. Intramuscular injection {30] resulted in a very 
limited region of cells expressing P-galactoskbse activ- 
ity as compared with the intravenous route of delivery. 
Southern-blot analysis showed that all of the detectable 
adenovirus DNA remained extradwmosomal [29]. A re- 
combinant adenovirus has been generated that encodes 
the human minidystrophin gene (31 ## ], as the full-length 
cpNA is too large to be used in the present adenovirus 
system. Injection of this recombinant adenovirus directly 
into the biceps femoris of a mouse model of Duchenne 
muscular dystrophy, the mdx mouse, resulted in expres- 
sion of the mirridystrophin gene in 5-50% of muscfe 
fibers. Expression appeared to be stable for at least three 
months [31-]. These results point the way to using re- 
combinant adenovirus encoding dystrophin as a form of 
therapy for Duchenne muscular dystrophy. 



Conclusion 



The ability to infect numerous different cell types and the 
absence of a requirement for dividing cells make aden- 
ovirus an attractive candidate for in vivo gene therapy. In 
addition, as adenovirus appears not to integrate into the 
host cefl genome, the potential threat of insertkmal mu- 
tagenesis is greatly reduced However, that same feature 
may also result in a lack of persistence of the adenovi- 
ral DNA, and thus repeated administrations of adenovirus 
may be required While this may be feasible, the gener- 
ation of an immune response to the infused adenovirus 



has the potential to prevent repeated infections. This re- 
mains to be evaluated in the in vivo si tuatioa In addition, 
despite the El deletions in adenovirus, the possibility 
remains that the recorrfbinant virus retains the capacity 
to replicate at very low levels. The potential effects of 
such replication, and of adenoviral gene expression in 
the presence or absence of replication remain to be 
determined The generation of adenoviral vectors with 
further deletions or mutations in additional adenovirus 
genes may eliminate such drawbacks. Meanwhile, the 
current state of adenovirus recombinant technology is 
rapidly making possible the use of in vivo gene ther- 
apy in animal models. Given the high levels of expres- 
sion obtainable with recombinant adenovirus, significant 
biological effects can be achieved, although such effects 
may be transient 
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